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Abstract
An antibiotic drug, d-cycloserine (CYS), in phosphate buffer at different pH values was electrochemically studied using a gold
electrode. A well-resolved, irreversible, diffusion-controlled voltammetric peak was obtained at 0.873 V in a pH 9.2 phosphate
buffer solution with an ionic strength of 0.2 M. The experimental conditions, such as the solution pH and scan rate, were optimized.
The pH dependence suggested that equal numbers of protons and electrons were involved in the electrochemical oxidation of
CYS. A plausible oxidation mechanism was proposed. Under the selected conditions, the dependence on the concentration of CYS
revealed that the detection limit for CYS was 3.3 ×  10−8 M for differential pulse voltammetry and 4.91 ×  10−8 M for square wave
voltammetry. The proposed method was successfully applied to the determination of CYS in drug capsules and urine samples. The
electrode exhibits good reproducibility and stability. In addition, the influence of various foreign species was studied.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
d-Cycloserine, or d-4-amino-3-isoxazolidinone, is
a broad-spectrum antibiotic used in the treatment of
tuberculosis [1]. The most important property of d-
cycloserine (CYS) is its ability to inhibit the growth of
Mycobacterium tuberculosis. CYS is produced by Strep-
tomyces garyphalus  and Streptomyces  orchidaceous  and
is used primarily in the treatment of active pulmonary∗ Corresponding author. Tel.: +91 836 2215286;
fax: +91 836 2747884.
E-mail address: stnandibewoor@yahoo.com (S.T. Nandibewoor).
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1658-3655 © 2015 The Authors. Production and hosting by Elsevier B.V. on 
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).ations
and extra-pulmonary tuberculosis [2–4]. It is also used
as a therapy for urinary tract infections, anxiety dis-
orders, depression, obsessive–compulsive disorder and
schizophrenia. CYS is stable in aqueous solutions and is
unstable in acidic and neutral solutions [5,6].
The capabilities and range of applications of differ-
ential pulse voltammetry (DPV) [7] and square wave
voltammetry (SWV) [8,9] techniques are well known
and are widely utilized. The specific principles of these
techniques enable a wide range of applications that
continue to illustrate the usefulness and elegance of
voltammetric analysis. Nevertheless, it is perhaps use-
ful to occasionally reiterate the continuing importance
of these techniques in modern analytical chemistry, and
this is one of the purposes of this paper.behalf of Taibah University. This is an open access article under the
Through the ages, gold has primarily been valuable
because of its physical properties of softness, ductil-
ity, corrosion resistance, density and scarcity. Gold has
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he third-best electrical and thermal conductivities of all
etals at room temperature. Additionally, the high duc-
ility and excellent wear resistance of gold are important
or electrical contacts.
Only a few methods have been described for the deter-
ination of CYS [10–17]. All of these methods are either
hromatographic or spectrophotometric. Attempts have
een made to confirm the performance of these methods
n the determination of CYS and related substances. The
ajor problems encountered in using such methods are
ither the need for derivatization or the need for time-
onsuming extraction procedures. Because CYS is often
sed to treat tuberculosis, its analysis requires relatively
imple or classical techniques.
Voltammetric methods [18] satisfy many of the
equirements for this analysis particularly because of
heir inherent specificity, rapid response, high sensitivity,
ow cost, simplicity and relatively short analysis time. To
he best of our knowledge, there have been no reports on
he development of voltammetric detection of CYS at a
old electrode. Here, a gold electrode was applied for
he first time to the determination of CYS in biological
uids and pharmaceutical formulations.
.  Experimental
.1.  Apparatus  and  reagents
A Model 630D electrochemical system (CH Instru-
ents Inc., USA) was employed for the electrochemical
easurements. A standard three-electrode electrochem-
cal cell was used; the cell consisted of a gold
orking electrode with a surface area of 0.0956 cm2,
n auxiliary electrode of platinum (Pt) wire and an
g/AgCl/saturated KCl reference electrode. All of the
H measurements were made with an Elico LI120 pH
eter (Elico Ltd., India). All experiments were per-
ormed at an ambient temperature of 25 ±  0.1 ◦C.
All reagents were analytical grade and were used
s received. Millipore water was used for all prepara-
ions. CYS was purchased from Sigma–Aldrich. A stock
olution (1.0 ×  10−3 M) of CYS was prepared with Mil-
ipore water and was stored at 4 ◦C. Capsules containing
YS were purchased from a local pharmacy. Phosphate
uffers with pH values from 3.0 to 10.4 were prepared
n Millipore water as described by Christian and Purdy
19]..2.  Area  of  the  electrode
The area of the electrode was calculated using
.0 mM K3Fe(CN)6 as a probe at different scan rates. University for Science 10 (2016) 92–99 93
For reversible processes, the Randles–Sevcik formula
was used [20]:
ipa =  (2.69 ×  105)n3/2AD1/20 C0υ1/2 (1)
where ipa refers to the anodic peak current, n  is the
number of electrons transferred, A  is the surface area
of the electrode, D0 is the diffusion coefficient, υ  is the
scan rate, and C0 is the concentration of K3Fe(CN)6. For
1.0 mM K3[Fe(CN)6] in 0.1 M KCl electrolyte, n  = 1 and
D0 = 7.6 ×  10−6 cm2 s−1, so the surface area of the elec-
trode was calculated to be 0.0956 cm2 from the slope of
the plot of ipa as a function of υ1/2.
2.3.  Preparation  of  pharmaceutical  and  urine
samples
Cyclorin capsules containing CYS (250 mg/capsule)
were ground to a homogeneous fine powder in a mortar.
A suitable amount of this powder was weighed and was
treated with Millipore water for 30 min; the mixture was
then filtered. The solutions obtained from the filtration
were diluted to 100 ml with Millipore water. Aliquots of
this solution were analyzed under the calibration con-
ditions. Voltammograms were recorded as described for
pure CYS.
The urine samples were collected from healthy
humans and were diluted 100-fold with the phosphate
buffer solution before analysis without further pretreat-
ment. Quantitative determination can be performed by
adding a standard solution of CYS to the detection sys-
tem with the urine sample.
3.  Results  and  discussion
3.1.  Voltammetric  behaviour  of  CYS
The oxidation of CYS at a GE was studied by cyclic
voltammetry (CV) in a supporting electrolyte of 0.2 M
phosphate at pH 9.2. The cyclic voltammogram obtained
for a 1 mM CYS solution at a scan rate of υ = 50 mV s−1
(Fig. 1) shows one anodic peak at 0.873 V. On scan-
ning in the negative direction, a reduction peak was
observed; as in previous studies, this peak corresponds
to the reduction of gold oxides [21,22] and demonstrates
that the oxidation of CYS is an irreversible process. The
decrease in the oxidation current observed in succes-
sive scans might be caused by the adsorption of CYS
or its oxidation products on the GE surface. Therefore,
the voltammograms were usually recorded for the first
cycle.
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Fig. 1. Cyclic voltammograms of 1.0 mM CYS at a gold electrode
with a scan rate of 50 mV s−1 in a supporting electrolyte of phosphate
buffer at pH 9.2: (a) With CYS (b) Without CYS.Fig. 2. (A) Influence of pH on the shape of the anodic peak, pH: (a) 3.0 (b) 
50 mV s−1. (B) Influence of pH on the peak potential Epa (V) of CYS. (C) Va University for Science 10 (2016) 92–99
3.2.  Effect  of  pH
Phosphate buffer solution was selected to be the sup-
porting electrolyte in the search for the optimal pH
value for the analyte. The pH range investigated was
from 3.0 to 10.4 (Fig. 2A). For CYS, the peak poten-
tials were found to shift towards negative potentials as
the pH increased. This shift revealed that the pH of
the supporting electrolyte exerted a significant influ-
ence on the electrooxidation of CYS at the GE. The
plot of the peak potential as a function of pH gave a
slope of 58 mV pH−1 (Fig. 2B), which is close to the
expected value of 59 mV pH−1 [23–25]. From this value,
we determined that the number of electrons and protons
participating in the electrode process are equal, i.e., dur-
ing the reaction, both electrons and protons are released
from the molecule.
4.2; (c) 5.0; (d) 6.0; (e) 7.0; (f) 8.0; (g) 9.2; (h) 10.4 at a scan rate of
riation of peak current Ipa (A) with pH.
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aig. 3. (A) Linear sweep voltammograms for the oxidation of CYS a
.35; (h) 0.4; (i) 0.45 V s−1. (B) Dependence of the oxidation peak cur
urrent on the logarithm of scan rate.
The pH 9.2 phosphate buffer gave the best response in
erms of the peak current and peak shape. Hence, a pH of
.2 was employed for all further experiments (Fig. 2C).
.3.  Effect  of  scan  rate
The effect of scan rate on the peak current and peak
otential of CYS was investigated. For this investiga-
ion, we recorded linear sweep voltammograms (LSV)
f 1 mM CYS at a GE at scan rates from 50 to 450 mV s−1
Fig. 3A). The peak potential (Epa) for the oxidation of
YS increased as the scan rate increased. This response
s expected for an irreversible electrode process. A linear
lot of Ipa as a function of υ1/2 (Fig. 3B) indicates that
he oxidation of CYS at the GE was diffusion-controlled
26].
For CYS, a plot of logarithm of peak current as a func-
ion of the logarithm of scan rate gave a straight line with
 slope of 0.41; this value is close to the theoretical value
f 0.5 [27,28], which indicates that an ideal reaction is
 diffusion-controlled electrode process (Fig. 3C) [29].t scan rates of (a) 0.05; (b) 0.1; (c) 0.15; (d) 0.2; (e) 0.25; (f) 0.3; (g)
the square root of scan rate. (C) Dependence of the logarithm of peak
The equation can be expressed as
log Ipa (A) =  0.4076 log v (V s−1) + 0.5561,
r2 =  0.9724 for LSV
For an irreversible electrode process, according to
Laviron [30], Epa is defined by the following equation:
Epa =  E0 +
[
2.303RT
αnF
]
log
[
RTk0
αnF
]
+
[
2.303RT
αnF
]
log υ  (2)
where α  (alpha) is the transfer coefficient, k0 is the
standard heterogeneous rate constant of the reaction, n
is the number of electrons transferred, υ  is the scan rate,
0and E is the formal redox potential. Other symbols have
their usual meanings. Thus, the value of αn  can be easily
calculated from the slope of Epa as a function of log υ.
In this system, the slope is 0.057; using T  = 298 K and
96 V.P. Pattar, S.T. Nandibewoor / Journal of TaibahScheme 1. Plausible mechanism for the electrooxidation of CYS at a
GE.
substituting the values of R  and F, αn  was calculated.
According to Bard and Faulkner [31], α  can be given as
α  = 47.7
Epa −  Epa/2 mV (3)
where Epa/2 is the potential when the current is at half the
peak value. From this relation, we obtained the value of
α. Furthermore, the number of electrons (n) transferred
in the electrooxidation of CYS was also calculated from
LSV to be 2.21 ≈  2.
3.4.  Mechanism
The results demonstrate that CYS oxidation is a two-
electron two-proton process. A plausible mechanism
is shown in Scheme 1. Thus, it seems reasonable to
conclude that two molecules of CYS lose two protons
and two electrons in the oxidation process to form free
radicals (a). Thus formed, the two free radicals rapidly
dimerize to give the corresponding dimer (b). In the pres-
ence of OH−, the cycloserine dimer forms the serine (c)
and N2 (d) products.
3.5.  Calibration  curve  and  detection  limit
To obtain an analytical curve for the sensor, quantita-
tive analyses of the CYS concentration were performed
by SWV and DPV at a GE under the optimized experi-
mental conditions. For increasing amounts of CYS, both
DPV and SWV showed that the peak current increased University for Science 10 (2016) 92–99
linearly with increasing concentration (Fig. 4A and B).
The calibration curves were linear over concentration
ranges of 0.1–0.9 M for SWV and 0.1–1.1 M for DPV.
The linear regression equations can be expressed as
Ipa (10−6 A) = 0.258C (M) +  2.537
(r2 =  0.9935) for SWV
and
Ipa (10−6 A) = 0.441 C (M) +  2.332
(r2 =  0.9968) for DPV
The limit of detection (LOD) and limit of quan-
tification (LOQ) were calculated (Table 1), using the
following equations:
LOD =  3 s/m; LOQ =  10 s/m
where s represents the standard deviation at the peak cur-
rent (n  = 5), and m  is the slope of the calibration curve.
DPV was more sensitive than SWV and had a good cor-
relation coefficient, a wide linear range and a lower LOD.
This method was also better than other classical methods
reported [10–17].
3.6.  Reproducibility
To study the reproducibility of the electrode, a
1.0 ×  10−6 M CYS solution was measured with the same
electrode every few hours over the course of a day, and
the R.S.D. of the peak current was 0.98% (n  = 5). If the
temperature was kept almost constant, the day-to-day
reproducibility was similar to that within a single day.
After repeated use (more than 50 times) for several days,
the response of the GE decreases a little because of the
oxidative product of the CYS adsorbs to the electrode
surface. These results indicate that the electrode has good
reproducibility and stability.
3.7.  Determination  of  CYS  in  pharmaceutical
samples
This method was applied to the determination of CYS
in capsules. As shown in Table 2, the content of CYS was
calculated to be 248.2 mg/capsule (the nominal content
is 250 mg/capsule). To validate and obtain the preci-
sion and accuracy of the developed method, recovery
studies were performed at different drug concentrations
by the standard addition method. For this study, known
quantities of CYS were mixed with definite amounts
of pre-analyzed formulations and the mixtures were
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Fig. 4. (A) Differential pulse voltammograms at a GE for CYS concentrations of (a) 0.1; (b) 0.3; (c) 0.5; (d) 0.7; (e) 0.9; (f) 1.1; (g) 1.5/10−6 M.
Inset: Plot of peak current as a function of concentration of CYS. (B) Square wave voltammograms at a GE for CYS concentrations of (a) 0.1; (b)
0.3; (c) 0.5; (d) 0.7; (e) 0.9; (f) 1.1; (g) 1.3/10−6 M. Inset: Plot of peak current as a function of the concentration of CYS.
Table 1
Characteristics of calibration plots for CYS.
DPV SWV
Linear range (M) 1.0 × 10−7–1.1 × 10−6 M 1.0 × 10−7–9.0 × 10−7
Slope of calibration plot 0.447 0.258
Intercept 2.315 2.510
Correlation coefficient (r2) 0.9909 0.9918
RSD of slope (%) 1.0120 1.1250
RSD of intercept (%) 0.9865 0.9912
Number of data points 5.0 5.0
L  × 10−8 −8
L  × 10−7
a
r
3
C
T
s
T
A
N
A
R
A
F
R
R
BOD (M) 3.30
OQ (M) 1.10
nalyzed as before. Table 2 shows the measurement
esults, and the average recovery was 98.9%.
.8.  Determination  of  CYS  in  urine  samples
The applicability of DPV to the determination of
YS in spiked human urine samples was investigated.
he recoveries from human urine were measured by
piking drug-free urine with known amounts of CYS.
able 2
nalysis and recovery studies of CYS in capsules by DPV.
Cyclorin capsules
ominal content (mg) 250.0
mount found (mg)a 248.2
SD (%) 1.01
dded (mg) 2.00
ound (mg)a 1.97
ecovered (%) 98.5
SD (%) 1.04
ias (%) 1.50
a Arithmetic mean of five determinations.4.91 × 10
1.63 × 10−7
A quantitative analysis can be performed by adding a
standard solution of CYS to the detection system for a
urine sample. The calibration graph was used for the
determination of the spiked CYS in the urine samples.
The detection results, including recovery percentage and
RSD, for three urine samples are listed in Table 3.
3.9.  Interference  studies
Interference was evaluated in the presence of various
substances that are usually found in the pharmaceuti-
cal tablets and formulations. For these investigations,
the interfering species were added at various concen-
trations (a hundred fold) higher than the concentration
of CYS (1 ×  10−6 M). The addition of filler materials
(sucrose, lactose, glucose and maltose), disintegrating
agent (starch), organic species (ascorbic acid, l-aspartic
acid) and adhesive, such as gum acacia, caused no signif-
icant effect on the DPV response for CYS. The influence
of some cations (Mg2+, Cu2+, Al3+, Fe3+, K+) and anions
(Cl−, CO32−, NO3−) were studied, and the results indi-
cated that these ions did not influence the determination
98 V.P. Pattar, S.T. Nandibewoor / Journal of Taibah University for Science 10 (2016) 92–99
Table 3
Determination of CYS in urine samples.
Added (M) Founda (M) Recovery (%) SD ± RSD (%) Bias (%)
0.25 0.246 98.40 0.0132 ± 0.54 1.60
0.45 0.445 98.89 0.01127 ± 0.25 1.11
69 
[
[
[
[
[
[
[
[
[
[
[0.65 0.648 99.
a Arithmetic mean of five determinations.
of CYS. Hence, this compound may need not to be
extracted from these capsule additives prior to its deter-
mination in capsules.
4.  Conclusions
The voltammetric behaviour of CYS at a GE in a phos-
phate buffer solution (pH 9.2) was investigated. CYS
undergoes a two-proton two-electron change through a
diffusion-controlled process. A suitable mechanism was
proposed. The peak current was linear with CYS concen-
tration over a certain range, under optimized conditions,
and DPV had a better detection limit of 3.3 ×  10−8 M.
The proposed method was successfully applied to cap-
sule and urine samples. The recoveries obtained for
pharmaceutical formulations and urine samples show the
applicability of these techniques to control analysis for
these drugs.
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